Radiation hybrids have become a widely used tool for physical mapping. A drawback of the technique is that large numbers of hybrids are required to construct robust, high-resolution maps. The information contained within a panel of radiation hybrids is limited by the frequency of retention of chromosomal fragments from the donor cell line. In almost all experiments to date, the retention frequency has been below the optimal level; therefore, many hybrids are needed to produce high-quality maps. Because of the labor-intensive nature of large-scale mapping projects, it is important to make panels as small as possible. One method that has been adopted is to produce initially a large number of hybrids that are all typed with a few loci. Those hybrids showing satisfactorily high retention are admitted to the final panel and the rest are discarded. In this way, a panel of radiation hybrids with higher than expected retention can be created. Methods for conducting such a selection regime are discussed. To investigate the potential advantages of selecting hybrids based on their retention frequency, simulations were run under a variety of conditions. As expected panels with high retention {40%} provided better mapping resources than panels with lower (20%} retention. Beginning with an initial panel of 200 hybrids, comparisons of a random sample of 100 hybrids and the set of those 100 hybrids showing the highest marker retention demonstrated that selection may not be always the best strategy despite the increase in mean retention it yields. The selection of hybrids containing large numbers of fragments leads to an overestimation of the frequency of radiation-induced breaks. When breaks occur with high frequency (for example, when high radiation doses are used}, the selection of hybrids leads to a loss of linkage and hence an inability to order the markers. As such, the merits of screening hybrids depends on both the radiation dose and the desired map resolution.
Radiation hybrids have become an established tool for human genome mapping (Walter and Goodfellow 1993; Leach and O'Connell 1995) . Their principle advantage lies in the fact that nonpolymorphic markers can be mapped and therefore it is possible to integrate expressed sequence tags (ESTs) and candidate genes into a framework of highly polymorphic microsatellite markers (Hudson et al. 1995; Gyapay et al. 1996) . It has also proved a useful framework for building yeast artificial chromosome (YAC) contigs (Hudson et al. 1995; Kumlien et al. 1996) . The construction of radiation hybrids is necessarily complex, and many different methodologies have been adopted (for review, see Walter and Goodfellow 1993; Leach and O'Connell 1995) . As yet, no consensus exists as to the most effective experimental design. Worse still, experience has shown that all radiation hybrid panels are not equal--experiments carried out under identical conditions using exactly the same protocol pro-E-MAIL hbj@mole.bio. cam.ac.uk; FAX 01223-333992. duce panels that retain markedly different quantities of DNA from the donor cell (P.N. Goodfellow, unpubl.) . This retention frequency is critical to the success or failure of a radiation hybrid panel. For human-hamster radiation hybrids, average retention usually varies between 5% and 30% [but is occasionally higher, for example, see Cox (1990) ]. With fragment retention in this range large numbers of hybrids are required for the construction of robust, high-resolution maps. Because of the time-consuming nature of growing up hundreds of hybrid cell lines, methods for testing and improving the final set of hybrids have been proposed. One method is the "pooling" of hybrids, that is mixing the DNA from several different hybrid cell lines . This strategy aims to increase the mapping power by increasing the marker retention frequency. For example, pooling two haploid hybrids each with an average marker retention of 20% will give a single diploid hybrid line with a retention frequency of 36%. Thus, it is hoped that fewer hybrids will be needed to gain the re-JONES quired map resolution. This will mean both less work in growing up the panel and a reduction in the final number of hybrids that must be scored for the markers (therefore, reducing the number of PCRs). By repeatedly pooling the DNA, the resulting lines will have high ploidy and specific methods for analyzing this type of data have been developed Lunetta et al. 1995 ).
An alternative method for improving the mapping power of a radiation hybrid panel is to impose a selection regime whereby only hybrids containing a certain quantity of human DNA are admitted to the final panel. Because the irradiation and fusion steps are relatively straightforward, a large number of hybrids (several hundred) are made initially. These are then all screened for the quantity of human DNA they carry. Those retaining little or no human DNA are discarded. This method of selecting hybrids with high retention has been used in a number of studies (e.g., James et al. 1994; Kumlien et al. 1996) . The quantity of human DNA in a hybrid may be assessed using Alu-PCR or fluorescent in situ hybridization (FISH) (Warrington et al. 1991; Sinke et al. 1992; Francke et al. 1994; Kumlien et al. 1996) . However, these processes can be extremely time consuming for large numbers of hybrids and it is difficult to set a quantitative cutoff point for the acceptance or rejection of a hybrid. If retention is very low, these methods represent an effective strategy for excluding hybrids that contain no human DNA.
A simpler method for screening a panel for retention is to type a small number of markers across all the hybrid cell lines and select those hybrids that are positive for a large proportion of the loci. The choice of markers depends on whether a single chromosomal region or the whole genome is to be mapped. If only a small region is of interest, for example, if a detailed map is needed in a positional cloning experiment, the markers used for screening should lie in close proximity to this area allowing hybrids not retaining human DNA from this region to be excluded. If the panel is to be used for many different purposes, the genome wide retention frequency will be of interest. Markers used to screen the hybrids should be unlinked (preferably from different chromosomes) to provide independent estimates of retention. Ideally at least one marker from each chromosome would be typed on the entire panel but this may be impractical if there are large numbers of hybrids. Factors such as the 762 ~ GENOME RESEARCH reported increase in retention near the centromere (Benham et al. 1989; Goodfellow et al. 1990; Lawrence et al. 1991; Ceccherini et al. 1992) should be taken into consideration when choosing markers for the purpose of screening.
A trade-off exists between the investment of time in screening the panel and the certainty that those hybrids selected genuinely do contain a larger than average proportion of the human genome. Treating the loci as independent and assuming that all loci have the same probability of retention p, the number of positive scores, n, from N loci typed has a binomial distribution given by
for 0 ~ n ~< N. For radiation hybrids made with a diploid donor cell line, p will represent the probability of either copy of the marker being retained.
Given n* positive results from N markers typed, equation 1 allows the calculation of confidence limits (say 95%) for the true retention frequency of the hybrid. For each possible value of n*, Table 1 gives the confidence intervals such that the probability the true retention frequency is contained in the interval is 95% (left panel). The right panel gives the minimum value of retention such that the probability the true retention is greater than this value is 95%. In practice, retention is usually in the region of 10% to 30% and therefore the requirement will be that a hybrid has retention greater than some minimum acceptable value.
In screening the hybrids for high marker retention there is a correlation between the number of markers typed and the certainty that a particular hybrid has satisfactorily high retention. Table 1 shows clearly that screening with a greater number of loci provides a more precise estimate of the true retention frequency of the hybrids as the size of the confidence intervals are greatly reduced. The optimal retention frequency is a function of both the distribution of the size of fragments and density of markers to be mapped. Intuitively it might be expected that a retention frequency of 50% would be optimal as hybrids retaining all or none of the loci are equally uninformative for mapping (Barrett 1992; Lange and Boehnke 1992; Lunetta and Boehnke 1994) . If the fragment size and the retention frequency are not independent, then it may be better to sacrifice retention to produce hybrids with flag- 
aApproximate 95% confidence intervals are provided for the genome-wide retention frequency for 5, 10, and 20 test markers. bA one-tailed 95% confidence limit (for a binomial distribution) is provided (i.e., the probability that the true genome-wide retention frequency is greater than the given value if 0.95).
ments of the appropriate size for the map resolution required. In the simulations that follow it will be assumed that retention is independent of the size of the fragments and therefore, it would be expected that a panel with an average retention frequency of 50% would be optimal. To test the effectiveness of such a selection scheme, a set of computer simulations were run under a variety of conditions to assess the mapping power (defined by a number of different criteria described in the Methods below).
RESULTS
As an initial test of the hypothesis that mapping power is maximized when the mean retention is close to 50%, panels of hybrids were simulated where the probability of a fragment being retained was either 20% or 40%. Both high and low radiation doses and equal and unequal distributions of markers were investigated. The results of 2000 replicates are summarized in Table 2 (see  Methods) . In all conditions and for all of the four 
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Cold Spring Harbor Laboratory Press on September 28, 2017 -Published by genome.cshlp.org Downloaded from indicators of mapping power, the panels with 40% retention perform better than those with 20% retention (the sole exception being the percentage correct in the low dosage panels with equally spaced markers where both the 20% and 40% retention simulations place the true order first in all cases). It is also notable that the lowdose hybrids perform better than the high-dose hybrids in all cases. Finally, the equally spaced markers can be more reliably mapped for all four criterion than can the unequally spaced markers. In summary, for the simulations described here, low-dose, high-retention hybrids performed far better than high dosage hybrids with low marker retention. Furthermore, equally spaced markers can be mapped with more confidence than markers that are unevenly distributed across the chromosome.
As expected, hybrids with retention in the region of 40% proved a more effective tool for mapping than did hybrids with lower retention (-20%). Given that most hybrid panels produced to date have mean retention of-20%, further simulations were run to investigate the merits of selecting a subset of 100 hybrids that had higher than average retention. Tables 3 and 4 show the outcome (for low and high doses, respectively) for the full panel of 200 hybrids (full), a random subset of 100 hybrids (random), and a set containing the 100 hybrids with the highest retention (high).
For the low-dose simulations, the full panel of 200 hybrids performs at least as well and usually much better than either of the subsets, the single exception being in the average log-likelihood difference between the first and second orders where the high retention subset performs better than either the full panel or a random subset of that panel. For unevenly spaced markers, the full set gave slightly better results than the high retention subset and both were superior to random (see Table 3 ). These simulations provide evidence that the selection of hybrids for higher than average retention increase both the probability of obtaining the true order and the strength of support for this order when compared to a randomly selected subset of the same size. However, typing the full set provides greater mapping power than either of the subsets.
In the high-dose case, the expected number of breaks per chromosome is three times higher than in the previous simulations. Table 4 summarizes the results for 2000 replicates. When the markers are equally spaced across the chromosome, the full panel performs better than either of the subsets as before (although the high retention panel actually recovers the true order slightly more frequently than the full panel of 200 hybrids). However, the random subset now has fewer orders within a lod score of 3 (lod3) of the best as well as fewer panels with more than one order to lod3 compared to the high retention subset. The subsets show very similar loglikelihood differences between the top two orders and the panel selected for high retention gives Comparison of the indicators of mapping power for a full panel of 200 hybrids (all) with mean fragment retention of 20% simulated at a low dose (~ = 1/50), a random subset of 100 hybrids (random), and a panel of the 100 hybrids with the highest retention (high) (n = 2000). Comparison of the indicators of mapping power for a full panel of 200 hybrids (all) with mean fragment retention of 20% simulated at a high dose (~ = 3/50), a random subset of 100 hybrids (random), and a panel of the 100 hybrids with the highest retention (high) (n = 2000).
the correct order as the most likely with greater frequency. When trying to map unevenly distributed markers, the case is even more striking. Once again the full panel of 200 hybrids is better than either subset for all four indicators. However, the random subset of 100 hybrids performs better than the 100 hybrids selected for high retention. Particularly noticeable is the difference in the frequency with which the most likely order is correct. For the random subset this is 84.7%, whereas for the selected subset (high), the proportion has dropped to 65.4%. This is in marked contrast to the low-dose case where the selected hybrids proved to be better for all the indicators than the random subset.
Finally, to ensure that selecting those hybrids with the highest retention was not significantly different from the set of hybrids with retention closest to 50%, a further 2000 radiation hybrid panels were simulated with equally spaced loci. Table 5 summarizes the results for the full panel of 200 hybrids (full), a random subset of 100 hybrids (random), the set of 100 hybrids with highest retention (high), and the set of 100 hybrids with retention closest to 50% (best). The comparisons between full, random, and high are as described previously (Tables 3 and 4 ). The subset of hybrids with retention closest to 50% (best) gives very similar results to the subset of hybrids with the highest retention (high). The latter perform slightly better for all the criteria at high dose and at least as well for all criteria except the average log-likelihood difference between the first two orders in the low-dose simulations. Overall there was no strong evidence to suggest selecting those hybrids with the highest locus retention is a worse strategy than choosing those hybrids with retention closest to 50% in the cases examined here.
Table S also summarizes the maximum likelihood estimates for the interlocus breakage frequency, 0. A striking result is the increase in the estimation of 0 in the selected subsets. The effect is particularly noticeable in the high-dose simulations where the probability of at least one break occurring between consecutive loci is in excess of 60% for the selected panels. This represents a significant overestimation of the probability of breakage (the true frequencies are 18% and 45% for low and high dose, respectively).
In summary, the high retention subset performed better than the random subset at the lower dose. However, this was reversed at the higher radiation dose. Sets of markers that are equally spaced are more easily mapped than markers where the interlocus distance varies along the chromosome, irrespective of the retention frequency or the size of the panel. Furthermore, recovery of the true map order was greater when the frequency of breakage was low (on average one per chromosome) than when it was high (three breaks per chromosome on average). For the distributions of markers considered here, selecting hybrids proved an effective strategy when breaks were infrequent but appeared to have a deleterious effect when the frequency of breakage was high. Thus mapping power appears GENOME RESEARCH ~ 765 to be a function of radiation dose (and hence fragment size), retention frequency, the number of hybrids, and the distribution of the loci to be mapped.
DISCUSSION
Contrary to expectations, the selection of 100 hybrids that have the highest retention does not necessarily provide a better tool for mapping than a randomly chosen subset of the same size. One possible explanation is that, because the hybrids were selected for maximum retention, a large number of them may have >50% retention. In the extreme, a hybrid containing the entire human chromosome contains no information for mapping. If large numbers of hybrids were positive for all loci, then mapping would be difficult as there would not be enough breaks to clearly order the markers. This hypothesis is not supported by the fact that at low breakage frequencies, the selected panel proved more effective than the random subset. The expectation would be that when breaks occur very infrequently, a large number of hybrids would contain the entire chromosome and hence would be positive for all markers. At higher doses, the chromosome would be more fragmented and fewer hybrids should contain complete human chromosomes. Thus, it would be expected that the selection regime would be more effective at high radiation doses than at low ones, the opposite of what was observed. In addition, simulations showed that subsets of 100 hybrids with retention closest to 50% were no more effective than the high retention subsets. Selecting hybrids with high retention implies selection of hybrids with either particularly large or particularly many fragments. In the high-dose case it will probably be the latter. This leads to an increase in the mean number of breaks per hybrid and hence to an inflation of the estimates of breakage frequency and interlocus distances. In the extreme, the increase in the estimate of the breakage frequencies leads to a loss of linkage between the markers; therefore, ordering them becomes difficult. This is borne out by average pairwise lod scores for neighboring loci (Jones 1996) shown in Table 5 . As expected, the increased frequency of breakage in the high-dose simulations leads to lower pairwise lod scores in all cases. At the low dose, the evidence for linkage is stronger in the subset selected for high retention than in the random subset. This is reversed in the highdose simulations. The hybrids selected to have retention as close to 50% as possible have the lowest pairwise lod scores and this is reflected in their relatively poor mapping power.
In a similar manner, pooling high-dose radiation hybrids may also result in a loss of linkage. If two hybrids containing a number of small fragments are combined, the mean number of breaks per hybrid will be inflated in the same way as it is for the selection regime described above. However, a recent simulation study by found some benefit to pooling hybrids when retention was very low (8%) and the average interlocus distance was 10-20 cR. More work is needed to confirm whether these results hold for a wider range of parameter values.
Of critical importance is resolution of map required (and hence the number of markers to be scored). If markers are to be placed at 10 Mb intervals along the genome and the mean fragment size at a given radiation dose is 10 Mb, on average there will be only one locus per fragment. In this way, most of the fragments will be uninformative (the pairwise lod scores for neighboring loci will be very low) and mapping will prove extremely difficult. However, if markers are placed at 1 Mb intervals across the genome, the fragments will on average contain 10 loci and it will be possible to determine linkage between the markers. Thus, it is vital that the dose at which a panel is created reflects the desired resolution of the map that is to be constructed.
Although the results presented here are by no means a comprehensive examination of the merits of hybrid selection, they highlight cases where selecting radiation hybrids on the basis of their retention frequency may not be an advantageous strategy. Methods to improve the average retention in a panel, either through pooling or a selection regime, must be treated with caution. Whether such techniques will increase the probability of recovering the true locus order or increase the support for this order will depend on both the radiation dose and the distribution of the markers. Any method of selection will bias the estimates of the parameters representing the breakage and fragment retention probabilities. Such unwanted biases may have a deleterious effect on the measurement of interlocus distances and these estimates should be treated with caution.
In most cases, selection may be an effective policy as it can greatly reduce the number of hybrids that must be scored. This is particularly true if only the order of the markers is of interest and not the distances. When retention is very low and many hybrids contain little or no human DNA, selection to exclude those hybrids will be a reasonable strategy for creating a radiation hybrid panel of a manageable size. However, it will always be better to type twice the number of hybrids if the resources are available.
METHODS
For simplicity, monochromosomal hybrids were simulated under the assumption that breakage occurs as a Poisson process. Retention was assumed to be equal for all fragments irrespective of their size or the chromosomal location from which they came. Furthermore it was assumed that the probability of a fragment being retained in a given hybrid was unaffected by the number of fragments the hybrid had already retained. The simulated chromosome was 50 units long and two different distributions of six markers were considered. In the first (the equally spaced scheme), the markers where placed every 10 units along the length of the chromosome. In the second (the unequally spaced scheme) the markers were separated by distances 20, 4, 2, 4 and 20 units running from telomere to telomere. In addition, two radiation doses were considered. The first has a mean number of breaks per chromosome of 1 (Poisson process with intensity, X = 1/50) and the second had a mean number of breaks per chromosome of 3 (X = 3/S0). These will be termed the low-and highdose treatments, respectively. Fragment retention frequency was set at 20% unless otherwise stated.
For each run, 200 hybrids were simulated under the assumptions given above (all). A random subset of 100 hybrids were then taken (random). Finally those 100 hybrids with the highest retention were selected (high). For clarity, selection takes place under the assumption of perfect knowledge about the number of loci retained in each hybrid (but not about the number of fragments). These markers are not independent estimates of retention as they are all located on the same chromosome and therefore, are linked to some degree. In practice, the small number of markers typed across the entire panel would be used to infer which hybrids had the highest retention. As the number of loci used to screen the panel decreases, the selected subset regresses to being a random subset of 100 hybrids. Analysis was carried out using multipoint maximum likelihood methods under the assumption that fragments are retained with equal probability (Boehnke et al. 1992 (Boehnke et al. , 1991 Chakravarti and Reefer 1992; M. Boehnke, E. Hauser, K. Lange, J. Uro, and J. Vander Stoep, unpubl.) .
The aim of the simulations was to assess the mapping power of a selected panel compared to both a random subset of the same size and to the full panel that contains twice as many hybrids. Here the term mapping power is used to encompass both the ability to recover the true order from the data and the confidence with which this order is favored over other possible locus orders. Comparisons between orders is provided by the logarithm (base 10) of the ratio of likelihoods of the two orders [this is an extension of the lod score method (Morton 19SS)] . A lod3 implies that one order is a thousand times more likely than the other (see Ott 1992 and references therein).
Four criteria were used to assess the mapping power of the radiation hybrid panels:
(1) the average number orders within lod3 of the most likely order;
GENOME RESEARCH @ 767
Cold Spring Harbor Laboratory Press on September 28, 2017 -Published by genome.cshlp.org Downloaded from (2) the frequency of panels having more than one order within lod3 of the most likely order; (3) the average log-10 likelihood difference between the first and second most likely orders (assuming there is another order within lod3 of the most likely); and (4) the frequency with which the most likely order is correct. These criteria are not necessarily independent but in combination provide a measure of the power of a panel of hybrids to recover the true map order. It is important that they not only suggest the correct ordering of the markers, but also that they indicate that it is much more likely than any other possible order.
Each set of simulations consisted of 2000 independent hybrid panels. This was enough to provide good estimates of the criterion defined above. In all conditions, the standard error of the mean (S.E.M.) was <0.1 for both the average number of orders within lod3 of the best and the average log-10 likelihood difference between the top two orders (criteria 1 and 3 above). For the frequency of panels having more than one order within lod3 of the most likely and the frequency of the best order being correct (criteria 2 and 4), the S.E.M. was <1% in all sets of simulations. Finally, the estimation of the retention frequency had S.E.M. <1%.
